Mitochondrial dysfunction is causatively linked to organismal aging and the development of degenerative diseases. Here we describe stress-dependent opposing roles of mitophagy, the selective autophagic degradation of mitochondria, in aging and life-span control. We report that the ablation of the mitochondrial superoxide dismutase which is involved in reactive oxygen species (ROS) balancing, does not affect life span of the fungal aging model Podospora anserina, although superoxide levels are strongly increased and complex I-dependent respiration is impaired. This unexpected phenotype depends on functional autophagy, particularly mitophagy, which is upregulated during aging of this mutant. It identifies mitophagy as a prosurvival response involved in the control of mitohormesis, the well-known beneficial effect of mild mitochondrial oxidative stress. In contrast, excessive superoxide stress turns mitophagy to a prodeath pathway and leads to accelerated aging. Overall our data uncover mitophagy as a dynamic pathway that specifically responds to different levels of mitochondrial oxidative stress and thereby affects organismal aging.
Introduction
Maintenance of cellular homeostasis in response to changing endogenous and environmental conditions is a key for proper organismal development. Various pathways including those involved in preventing the accumulation of stressors like ROS, in repair, degradation, resynthesis, and remodeling of damaged molecules, larger functional molecular complexes, organelles, or whole cells are effective and keep biological systems functional over time. The coordinated induction of the appropriate pathways requires sensing of stressors and damage, and the induction of subsequent signaling processes. The molecular basis of these regulatory circuits is currently insufficiently elucidated.
ROS are molecules for which a potential damaging capacity has been emphasized and intensively studied for more than half a century. The accumulation of ROS has been suggested as the cause of cellular and organismal degeneration. [1] [2] However, at low concentrations, ROS play a key role in cellular signaling and are important for proper development. [3] [4] Consequently, balancing of cellular ROS is important to prevent molecular damage but still allows ROS signaling to occur.
Mitochondria are eukaryotic organelles with an important role in the regulation of ROS homeostasis. They are involved in many essential functions including energy transduction, iron/ sulfur cluster synthesis, amino acid biosynthesis and lipid metabolism, generate most of the cellular superoxide free anion, hereafter termed superoxide, and emerge as an integral sensor for cellular ROS measurement and ROS balancing. Mitochondrial dysfunction is long known to be involved in aging and the development of a larger number of degenerative diseases (e.g., Alzheimer and Parkinson diseases). 5 The filamentous ascomycete Podospora anserina is an established aging model with a strong mitochondrial etiology of aging. In particular, pathways like mitochondrial DNA stability/instability, proteostasis and dynamics, which are involved in the control of mitochondrial integrity have been demonstrated to be of key relevance. [6] [7] [8] More recent investigations aimed at manipulating the mitochondrial ROS scavenging machinery revealed unexpected and counterintuitive results. Overexpression of PaSod3 coding for mitochondrial superoxide dismutase (in P. anserina SOD3, UniProtKB: B2AER6; in mammals SOD2, HGNC: 11180) active in the degradation of superoxide, leads to a decreased life span. This effect is due to insufficient hydrogen peroxide scavenging. 9 In contrast, the life span of a Pasod3 deletion strain (Pasod3D) does not significantly differ from that of the wild type. 10 Recently, we have identified autophagy, another cellular quality-control pathway that leads to vacuolar degradation of cytoplasmatic material and organelles, as a longevity-assurance mechanism. [11] [12] Since ROS scavenging is affected in the Pasod3 deletion strain and since ROS can CONTACT Heinz D. Osiewacz osiewacz@bio.uni-frankfurt.de Institute for Molecular Biosciences, J. W. Goethe University, Max-von-Laue-Str. 9, D-60438 Frankfurt, Germany.
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act as a signal to induce autophagy, [13] [14] [15] [16] [17] we set out to investigate autophagy in the Pasod3 deletion mutant in more detail.
Here we report several pronounced changes in the Pasod3D strain, which are consistent with a signaling function of mitochondrial ROS to regulate age-dependent mitophagy. Furthermore, functional autophagy is required for the unexpected healthy phenotype of the mutant. Most strikingly, challenging of the mutant with exogenous oxidative stress does not lead to the mitohormetic increase in life span that is seen in the wild type, but results in a strong life-span decrease. Overall our data identify the induction of mitophagy as a 'backup' pathway of ROS scavenging and a stress-dependent switch from prosurvival to prodeath. This dual role of this type of selective autophagy provides organisms with increased flexibility to respond to changing environmental and cellular conditions.
Results

Deletion of PaSod3 leads to the accumulation of superoxide and to mitochondrial impairments
To elucidate the mechanistic basis of the unexpected healthy phenotype of a mutant in which the gene coding for the mitochondrial manganese superoxide dismutase (PaSOD3) was deleted, we compared superoxide levels in the wild type and the Pasod3 deletion mutant (Pasod3D). We found that, in comparison to the wild type, superoxide levels were strongly increased in the mutant (Fig. 1A) . In contrast, hydrogen peroxide release in the 2 strains of the same chronological age was basically identical and, like previously reported for the wild type, 18 increased during aging.
Next, we investigated mitochondrial function and morphology. In contrast to what has been reported for a mitochondrial sodD mutant of Caenorhabditis elegans, 19 no obvious differences of mitochondrial respiratory chain supercomplexes were visible in blue-native polyacrylamide gels (Fig. 1B) . However, the analysis of the mitochondrial oxygen consumption rate (OCR) revealed striking differences. While state 4 respiration via complex I measured in isolated mitochondria of the wild type and Pasod3D did not differ, complex I-dependent state 3 respiration of the mutant (Fig. 1C) was significantly decreased. Strikingly, this lower respiration could be compensated by the addition of the complex II substrate succinate, suggesting an increased complex II capacity of mutant mitochondria. To validate this possibility, we inhibited complex I by rotenone and found that, compared with the wild type, the residual OCR (Fig. 1D ) was significantly higher in mitochondria of Pasod3D. Since a decrease in complex I activity is known to lower the mitochondrial membrane potential (mtMP), we compared the mtMP of both strains and found it significantly lowered in mitochondria of the mutant (Fig. 1E ). These data suggest that the mutant respires via a standard cytochrome-c-dependent electron transport chain in which respiration is slightly shifted from complex I toward complex II. This switch likely results from the partial inhibition of complex I due to a superoxide-induced loss of iron from the 4Fe-4S clusters of complex I proteins as it has been demonstrated in other systems like human lung carcinoma cells and mice with modulated mitochondrial SOD activity. [20] [21] Interestingly, despite the increased superoxide load, no differences in mitochondrial morphotypes were observed when mitochondria of the wild type and Pasod3D were compared ( Fig. 1F and G) . Mitochondria from young mutant cultures were of the same 'healthy' filamentous morphotype as those from the wild type. As first described for the wild type of P. anserina, 18 mitochondrial morphology changes during aging of the mutant from filamentous to punctate. Interestingly, in Pasod3D, but not in the wild type, large vacuoles (Fig. 1G , black arrows) and numerous dot-like GFP-aggregates of high density were observed in the vicinity of vacuoles (Fig. 1H , white arrows). These cellular characteristics are the first evidence for a stress-induced increase in mitophagy in Pasod3D and were supported by previous work that identified autophagy as a longevity-assurance mechanism in P. anserina.
11-12
The healthy phenotype of Pasod3D depends on functional autophagy
Since it has been shown that ROS can act as a signal to induce autophagy, [13] [14] [15] [16] [17] we studied autophagy in Pasod3D in more detail. First, we investigated whether the unexpected healthy phenotype of the mutant depends on functional autophagy. We generated a Pasod3D Paatg1D (in mammals: Ulk1) double mutant ( Fig. 2A ) in which both superoxide scavenging and autophagy were affected. Strikingly, in comparison to the wildtype and the single deletion strains, the life span and growth rate of Pasod3D Paatg1D were decreased (Fig. 2B to D) demonstrating that the wild-type-like phenotype of Pasod3D depends on functional autophagy.
Next, we investigated whether there are signs of increased autophagy in Pasod3D and analyzed strains expressing the Gfp-PaAtg8 (in mammals: LC3 and GABARAP ortholog families of Atg8) fusion gene encoding the GFP-labeled autophagosomal marker PaATG8 (Fig. 2E) . Significantly, fluorescence microscopy analysis revealed a strong increase of autophagosomes in Pasod3D already at a young age. As in the wild type, 12 autophagosome abundance increased during aging also in Pasod3D (Fig. 2F to H ).
Construction and validation of marker proteins for the analysis of autophagy
Since the microscopy analysis does only provide evidence for the initiation of autophagy but can neither prove delivery of autophagosomes to the vacuole and their subsequent degradation, nor discriminate between nonselective and selective autophagy, we aimed to perform a biochemical analysis. [22] [23] [24] We included the previously introduced PaSOD1-GFP fusion protein 12 for the analysis of general autophagy as a control (Fig. 3A) . In addition, we generated 2 strains expressing mitochondrial PaSod3-Gfp fusion genes (Fig. 3A) . To avoid an interference of a potential PaSOD3-GFP fusion protein activity with the endogenous active PaSOD3, we used a PaSOD3-GFP construct with a mutation of histidine 26 (H26) to leucine in the active center of PaSOD3 (PaSOD3 H26L -GFP). Inactivity of the protein was verified by the analysis of mitochondrial protein extracts using an 'in gel' SOD activity assay (Fig. 3B) . As assumed, in the PaSod3 H26L -Gfp mutant there was no SOD3 activity detectable beside the activity of the endogenous PaSOD3. In the mutant expressing both, the endogenous PaSod3 gene copy and the introduced PaSod3-Gfp fusion gene, 3 protein bands with SOD3 activity were observed (Fig. 3B) . The 2 slower migrating bands, which were present in increased abundance, most likely correspond to different conformations or to the monomer and dimer of the PaSOD3-GFP fusion protein.
To see whether or not the different SOD reporter proteins affect physiology of the mutant strains, we performed life-span and growth-rate experiments and found that, in comparison to the wild type, both were unchanged in PaSod1-Gfp and
PaSod3
H26L -Gfp strains ( Fig. 3C and D) . In contrast, life span and growth rate of the PaSod3-Gfp mutant significantly varied from that of the other strains ( Fig. 3C and D) , which most likely is due to the increase in PaSOD3 activity.
Next we investigated whether or not the different fusion proteins are suitable marker proteins for autophagy studies and analyzed their vacuolar degradation in the presence or absence of PaATG1. In western blots of total protein extracts 'free GFP,' as an indicator of vacuolar degradation, was only observed in strains containing a functional autophagic machinery (Fig. 3E ). Of note, signals identifying PaSOD3-GFP fusion proteins are less intense than of PaSOD1-GFP because these proteins are lower in abundance in total protein extracts due to their mitochondrial localization. In mitochondrial extracts they are clearly visible (Fig. 3F) . Under normal growth conditions, the fusion protein is not visible in Paatg1D PaSod3
H26L -Gfp probably due to the increased proteasomal activity in this strain. To prove that the formation of 'free GFP' is indeed a measure for mitophagy, we attempted to at least partially inhibit proteasome activity of this strain by paraquat or MG132 (a known proteasome inhibitor), and by both drugs (Fig. S1 ), respectively. As expected, this treatment increased the amount of fusion protein with most protein detected in protein extracts of strains treated with both chemicals. In the Paatg1-deletion background, there was also a small proportion of 'free GFP' present, suggesting a minor ATG1-independent degradation of PaSOD3 H26L -GFP. However, the amount was lower than in the wild-type background, demonstrating that most of the 'free GFP' was formed in an ATG1-dependent manner. Overall, in particular because of the unaltered phenotype of the corresponding strains, our data indicate that PaSOD1-GFP and PaSOD3
H26L -GFP are suitable marker proteins to study general autophagy and mitophagy, respectively.
Mitophagy is a 'backup' protection pathway that is upregulated during aging of Pasod3D
Next we investigated autophagic and mitophagic flux in the Pasod3 deletion strain. In comparison to the wild type, we found no difference in the degradation of PaSOD1-GFP (Fig. 4A ). As has previously been shown for the wild type, 12 general autophagy increased significantly during aging (20 d) in Pasod3D and decreased in cultures of very old age (24 d) (Fig. 4A) . At this time, we cannot exclude that the increase in cytoplasmic PaSOD1 in the background of the PaSod1-Gfp strain may slightly decrease the ROS burden in the Pasod3D mutant and thus may also affect cellular homeostasis and autophagy. However, this effect may be rather negligible, since in previous experiments investigating the abundance and localization of PaSOD1 in the Pasod3D mutant we did not obtain any evidence for a compensatory response by PaSOD1 (unpublished).
In contrast, a slight but significant increase in vacuolar degradation of mitochondrial PaSOD3
H26L
-GFP occurred already in Pasod3D of young age (7 d). At older age (20 d), mitophagy was strongly increased and slightly decreased again at very old age (24 d) ( Fig. 4B and C). These data are consistent with those of the fluorescence microscopy analysis and demonstrate that autophagosomes are indeed delivered to the vacuole were they are degraded. Since such a mutant-specific increase is not observed for the cytosolic reporter, the induction of autophagic protein degradation specifically affects mitochondrial proteins. These data and the dependence of the wild-type-like phenotype on a functional autophagy machinery indicate that the observed induction of mitophagy compensates impairments in mitochondrial ROS scavenging in Pasod3D.
Impairments in mitochondrial homeostasis lead to a transcriptional adaptive response
In Pasod3D, mitophagy degrades mitochondria already at young age. Since this strain remains healthy, degraded mitochondria need to be replaced by new ones, a process requiring the expression of an appropriate gene set. To demonstrate such an effect of Pasod3D, we performed a comparative genomewide transcriptome analysis of both, juvenile (5 d old) and aged (17 d old) Pasod3D vs wild type. For the identification of genes with robust differences in transcript abundance, we set the relative transcription threshold to 3 with a P value of P 0.05. We found that 23 transcripts were upregulated (Table S1 ) and 34 downregulated for 5 and 17 d old Pasod3D versus wild type (Table S2) . Fig. 5A represents an overview of these transcriptional changes in a graphical diagram (heatmap). To further obtain clues about the affected molecular pathways, we performed a Gene Ontology (GO) enrichment analysis 25 and found that in particular genes coding for components of mitochondrial processes involved in mitochondrial biogenesis, mitochondrial metabolism or mitochondrial respiration were upregulated, whereas extracellular processes were downregulated (Fig. 5B ). It appears that constitutive perturbation of mitochondrial homeostasis in Pasod3D leads to a transcriptional adaptive response.
Oxidative stress induces autophagy and mitophagy in Pasod3D
Next we addressed the question of how mitophagy is induced in Pasod3D. Protein carbonylation, lowered membrane potential or opening of the mitochondrial permeability transition pore (mPTP) have been reported to induce mitophagy in other systems. [26] [27] [28] However, none of these signals was found to be responsible for the mitophagy induction in Pasod3D (Fig. 6A to D) . Instead, we identified superoxide as such a trigger. The analysis of total protein extracts of PaSod1-Gfp and PaSod3
H26L
-Gfp expressing strains grown in the presence of the superoxide inducer paraquat (60 mM) revealed more 'free GFP' than in strains grown in the absence of the drug (Fig. 6E and F) . Moreover, mitophagy was more strongly induced than general autophagy, and the abundance of the GFP fusion proteins was higher in paraquat-treated samples which also may affect the amount of 'free GFP'. At the transcript level we found only a slight, nonsignificant increase in PaSod1 and no increase in PaSod3 transcript levels of the corresponding genes linked to paraquat treatment ( Fig. S2A and B) . Moreover, compared with the protein extracts from untreated cultures, the amount of PaSOD1 and total Coomassie Blue-stained proteins were basically identical in paraquat-stressed samples while the abundance of the proteasome core particle subunit b1 (PRE3) was decreased. Previous studies demonstrated an age-related decline of proteasomal activity resulting from a decreased expression of genes coding for proteasomal proteins and their oxidative modification, respectively. 11, [29] [30] Such impairments in proteasome function [31] [32] may explain the accumulation of the 2 analyzed GFP fusion proteins in the paraquat-treated wild type. Thus, we conclude that normalization to the amount of fusion protein would be misleading and used a cytosolic protein that is not affected by paraquat treatment. Nevertheless, 'free GFP' that increases significantly after paraquat treatment strongly depended on the presence of ATG1 (Fig. S1A ). According to our data, ATG1-independent autophagic processes, as they have been described recently, [33] [34] may also contribute to the formation of 'free GFP', an issue that remains to be addressed in future investigations. Due to the high sensitivity of Pasod3D to oxidative stress, 10 we were unable to study the described effects of paraquat in this mutant.
The role of mitophagy as a prosurvival or prodeath pathway depends on the strength of oxidative stress
We have described previously a life-span-prolonging effect for the P. anserina wild type by mild paraquat-induced oxidative stress. 35 Such a beneficial effect of mild stress is termed hormesis, a process whereby exposure to a low dose of a potentially harmful stressor promotes adaptive changes leading to an increased stress tolerance. [36] [37] In recent years, this concept has been applied specifically to mitochondria (mitohormesis) and was reported to occur in different species (for more detail see refs. 38, 39). To test whether a mitohormetic effect is linked to autophagy we investigated the life span of the wild type and the Paatg1D mutant on medium containing 20 and 80 mM paraquat (Fig. 7A to D) . Strikingly, the mitohormetic increase in life span of the wild type on 20 mM paraquat was not autophagy-dependent, indicating that there were also other qualitycontrol pathways responding to cellular stress ( Fig. 7A and B) . However, challenging strains with 80 mM paraquat stress led to a significant decrease of the Paatg1D life span and to an increased life span of the wild type ( Fig. 7C and D) , demonstrating that autophagy participates in mitohormesis.
In a next series of experiments, we investigated the impact of oxidative stress and functional autophagy on growth and life span of Pasod3D. We compared wild-type, Paatg1D, Pasod3D and Pasod3D Paatg1D strains treated with 20 mM paraquat. Treatment with 80 mM was not possible since the Pasod3 -Gfp (n D 4) untreated (0 mM, set to 1) and treated (60 mM) with paraquat were normalized to the amount of proteins on the Coomassie Blue-stained gel. P values were determined between paraquatuntreated and treated cultures of each strain. deletion mutant, due to its high sensitivity to oxidative stress, 10 did not grow on paraquat concentrations above 20 mM. We found that the growth rate on 20 mM paraquat of Pasod3D Paatg1D was not significantly changed compared with that of the Pasod3D strain (Fig. 7E) . In contrast, in comparison to the untreated wild type (Fig. 2B) , the relative mean life span of paraquat-treated wild type 35 and Paatg1D was significantly increased (Fig. 7F and G) . In concordance with the data described above (Fig. 7A to D) , the relative mean life span of Paatg1D was reduced by 31.7%, implying that the life-span- prolonging effect in the wild type under mild oxidative stress conditions depended at least partially on functional autophagy ( Fig. 7F and G) . The life span of paraquat-treated Pasod3D was strongly reduced when compared with the untreated wild type as well as to the paraquat-treated wild type and the Paatg1D control ( Fig. 7F and G) . Surprisingly, compared with the life span of Pasod3D, ablation of PaATG1 in the Pasod3D background led to a 190.4% increased life span (Fig. 7F and G) suggesting that excessive autophagy, as it occurs in paraquattreated Pasod3D, leads to 'autophagic cell death' 40-41 that cannot be executed in the absence of PaATG1. Thus, in Pasod3D, mitophagy acts as a prosurvival mechanism under normal growth conditions, and turns to a prodeath mechanism under excessive oxidative stress.
Discussion
Mitochondria are eukaryotic organelles involved in several essential functions including the synthesis of Fe/S clusters, ATP and ROS. Due to their dual role in signaling and molecular damaging, a tight control of cellular ROS is of paramount importance.
A key component of the molecular network involved in mitochondrial ROS balancing is the mitochondrial SOD isoenzyme. In the current study we investigated PaSOD3, the mitochondrial manganese SOD of P. anserina. Previously, life-span shortening due to a limited detoxification of hydrogen peroxide generated by PaSOD3 has been demonstrated in a PaSod3-overexpressing strain.
9-10 Surprisingly, the deletion of Pasod3 does not lead to accelerated aging and Pasod3 deletion strains are characterized by a wild-type-like life span. Also in other systems, including the nematode C. elegans and mammals, [42] [43] [44] unexpected results and conflicting data about the role of SODs in aging and life span control are repeatedly reported.
Here we demonstrated that the healthy phenotype of the Pasod3 mutant depends on a functional autophagy machinery and identified mitophagy as a molecular pathway that can compensate for impairments in mitochondrial ROS scavenging. Similar effects have also been observed in yeast, where the role of mitophagy in aging is indicated by an increase of mitophagy in cells harboring dysfunctional mitochondria. [45] [46] [47] Mitophagy thus represents a 'backup' protection pathway in cases when components of other pathways of the mitochondrial qualitycontrol network are impaired. Such a function can explain the counterintuitive results of specific, well-defined experiments that otherwise lead to false conclusions. We have previously obtained similar counterintuitive results when we ablated the mitochondrial AAA protease PaIAP, a protein of the inner mitochondrial membrane of P. anserina that is involved in mitochondrial. 48 Under standard laboratory growth conditions at 27 C the life span of the mutant is strongly increased. However, at 37 C, a temperature that under natural conditions is often approached during a day, life span in DPaIap is shortened. 48 Finally, it turns out that PaIAP is active in heat stress response and as such is an important component for survival in the changing natural habitat of P. anserina.
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Most importantly, our current experiments identified a stress-dependent dual and opposing role for mitophagy. Under low oxidative stress, as occurs in wild-type cultures grown under standard conditions, selected autophagy of mitochondria and nonselective autophagy as prosurvival or longevity-assurance pathways. This is also the case for the Pasod3 deletion strain, which is characterized by increased endogenous superoxide stress. Challenging the wild type with exogenous paraquat leads to a hormetic increase in relative mean life-span. In contrast, growth of the Pasod3 deletion strain on medium supplemented with paraquat leads to a strong life-span reduction. Strikingly, in the Pasod3D Paatg1D double knockout the life span is reverted to the life span of the wild type grown on medium without paraquat. Under these conditions superoxide stress, resulting from the ablation of PaSOD3 and from paraquat in the growth medium, has passed critical thresholds and turns mitophagy to an 'autophagic cell death' pathway. This is a type of programmed cell death (PCD) accompanied by autophagy that has also been reported for other systems including mammalian cell cultures. [49] [50] Overall, from our data we conclude that accumulated superoxide resulting from the PaSOD3 ablation provides the stimulus for the mitophagy induction of this mutant. After challenging the mutant with exogenous paraquat stress the level of stimulation passes a hormetic threshold and turns the signal from a survival into a death signal. 51 In contrast, mitohormesis by mild mitochondrial stress can initiate and transduce signals to the nucleus to coordinate a transcriptional response resulting in both mitochondrial and nonmitochondrial adaptations involved in maintenance of cellular homeostasis. Such responses are not limited to acute cytoprotective mechanisms but can induce long-term metabolic alterations and stress resistance. 38 In Pasod3D, this regulation depends on adaptive changes in mitophagic activity and expression of genes coding for mitochondrial proteins in response to cellular metabolic state, stress and other intracellular or environmental signals.
Overall it appears that a balanced interplay between mitophagy and mitochondrial biogenesis is a prerequisite for mitochondrial homeostasis linked to cellular adaptation and stress resistance (Fig. 8) . The elucidation of the precise regulatory circuits coordinating the involved molecular pathways, including those active in the regulation of crosstalk between autophagy with other pathways, is of far-reaching relevance. This knowledge also provides keys for the development of effective strategies to intervene into the various kinds of degenerative processes that occur during the lifetime of biological systems.
Materials and methods
P. anserina strains and cultivation P. anserina wild-type strain 's', 52 the PaSod1-Gfp, PaSod3-Gfp and Pasod3D, 10 as well as the Paatg1D, Gfp-PaAtg8 strains 12 and the newly generated mutants Pasod3D Paatg1D, Pasod3D PaSod1-Gfp, Pasod3D PaSod3 H26L -Gfp, PaSod3 H26L -Gfp and Pasod3D Gfp-PaAtg8 were used. Strains were grown on standard cornmeal agar/biomalt maize medium at 27 C under constant light. 53 For germination of spores, standard cornmeal agar/biomalt maize medium with 60 mM ammonium acetate was used and incubated at 27 C in dark for 2 d. All strains used in this study were derived from monokaryotic ascospores. 54 Cloning procedures and generation of P. anserina mutants All transgenic strains are in the genetic background of wildtype strain 's'. For the generation of a strain with mutated PaSod3, a plasmid has been constructed in which a mutated gene version is encoded under control of the endogenous PaSod3 promoter region. Two PCR fragments were amplified (promoter and 5 0 part of PaSod3 ORF; 3 0 part of PaSod3 ORF with point mutation and without stop codon), introducing the necessary point mutation via the oligonucleotide Sod3 H26L 2 (5 0 -P-CTCCACAAGAAGCACCACC-3 0 , mutation underlined, Biomers, Ulm, Germany). The 2 fragments were cloned in the EcoRI and NcoI (Thermo scientific, ER0271 and ER0571) site of plasmid pSM4, 10 derived from pSM2. 55 The mutation results in the replacement of histidine 26 (H26) to leucine. H26 is part of the active site of this manganese superoxide dismutase and replacement by leucine in the human MnSOD results in an inactive protein version. 56 The plasmid was transformed into the wild-type strain. A transformant with single ectopic integration (PaSod3 H26L -Gfp) was selected for subsequent experiments. Lack of enzymatic activity was demonstrated by an 'ingel' SOD activity assay (Fig. 3B) . Double mutants were obtained after crossing the single mutant strains with each other and the selection of strains from the progeny containing both mutations. In the case of the Pasod3D PaSod3 ) and TPS buffer containing 20 mg/ml 'Glucanex' (Novozymes) was added to a final volume of 100 ml. After chopping the mixture in a Waring blender the resulting suspension was incubated for 1.5 hat 35 C. Following filtration through gauze and glass wool, the suspension was centrifuged for 10 min at 4.000 rpm to pelletize the spheroplasts and the pellet was washed 3 times with TPS buffer.
To regenerate spheroplasts, the pellet was recovered in TPS buffer and the spheroplasts were plated on regeneration agar (3.7 g/l NH 4 Cl, 2 g/l tryptone, 1 g/l casamino acids, 1 g/l yeast extract, 10 g/l glucose, 342.3 g/l sucrose, 1.5 g/l KH 2 PO 4 , 0.5 g/l KCl, 0.54 g/l MgSO 4 and 1 mg/l MnSO 4 £ 1 H 2 O, FeSO 4 £ 7 H 2 O, CuSO 4 £ 5 H 2 O and ZnSO 4 £ 7 H 2 O) containing 100 m g/ml hygromycin B (Calbiochem, 400051). After 7-10 d of growth, mycelia of developing cultures were transferred to standard medium agar plates. Integrative transformation of P. anserina spheroplasts was performed as described previously.
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Southern blot analysis
Isolation of total DNA of P. anserina was performed according to the protocol developed by Lecellier and Silar. 59 DNA digestion, gel electrophoresis and Southern blotting were performed according to standard protocols. For Southern blot hybridization analysis, digoxigenin-labeled hybridization probes (DIG DNA Labeling and Detection Kit; Roche Applied Science, 11175033910) were used according to the manufacturer's protocol. The PaSod3-specific probe (290 bp) was generated by SacI digestion of the plasmid PaSod3 overexpression plasmid pPaSod3_OEx. 10 The PaAtg1-and PaAtg8-specific probes were generated according to Knuppertz and colleagues. 12 As a Figure 8 . Stress-dependent role of mitophagy. In the wild type, coordination between mitophagy and mitochondrial biogenesis leads to a basal stress resistance under 'normal' ROS levels. When ROS is slightly increased as is demonstrated for example in the Pasod3 deletion mutant, mitochondrial function is partially impaired, leading to an induction of mitophagy and mitochondrial biogenesis to compensate impairments in ROS scavenging via a mitohormetic response. In contrast, when oxidative stress levels pass critical thresholds (e.g., Pasod3D treated with paraquat), mitophagy is further increased in response to enhanced mitochondrial impairments. In this situation mitophagy can no longer rescue the healthy phenotype and this leads to autophagic cell death.
hybridization probe specific for the phleomycin resistance gene (Ble), the 1293 bp BamHI-fragment of the plasmid pKO4 60 was used. The 736 bp XhoI-fragment of the plasmid pSM4 10 was used as a hygromycin resistance gene (Hyg) specific hybridization probe.
Western blot analysis
For extraction of total protein extracts, mycelia from different P. anserina strains were allowed to overgrow a cellophane foil covered M2 agar 54 plate for 2 d at 27 C and constant light. Subsequently, the pieces of mycelia were transferred into CMliquid medium 54 grown for 3 d at 27 C under constant light and shaking. In contrast, paraquat-untreated and treated cultures were transferred for 2 d in CM-liquid medium containing no or 60 mM paraquat (Sigma-Aldrich, 856177). For proteasome inhibition, cultures were transferred for 2 d in CM-liquid medium supplemented with 25 mM MG132 (Sigma-Aldrich, C2211), dissolved in DMSO (Carl Roth, 4720.1; final DMSO concentration 0.25%).
Harvested mycelia were pulverized in liquid nitrogen and the protein was isolated from the powder as described 54 using a protein extraction buffer containing 50 mM HEPES, 100 mM NaCl, 5 mM DTT, pH 7.4 (NaOH). 100 to 200 mg total protein extracts of P. anserina strains, were fractionated by 2-phase SDS-PAGE (12% separating gels) according to a standard protocol. 61 After electrophoresis, proteins were transferred to PVDF membranes (Immobilon Transfer Membranes; Merck Millipore, IPFL00010). Blocking, antibody incubation and washing steps were performed according to the Odyssey western blot analysis handbook (LI-COR Biosciences, Bad Homburg, Germany). The antibodies used are described in Knuppertz et al. 12 Western blot analysis of total protein samples derivatized with di-nitrophenylhydrazine from an 'Oxy blot' kit (Merck Millipore, S7150) were performed using an anti-DNPH antibody as previously shown. 62 
Growth rate and life-span determination
The determination of the life span and growth rate of cultures derived from monokaryotic ascospores was performed on M2 medium as described previously. 54 The determination of growth rates and life spans under stress conditions was performed on M2 medium with 20 mM paraquat (Sigma-Aldrich, 856177) at 27 C and constant light or with 0.01-0.025 mg/ml cyclosporine A (CsA) (Sigma-Aldrich, 30024) at 27 C in the dark.
Superoxide release measurements
Qualitative determination of superoxide release from mycelia was performed by monitoring reduction of nitroblue tetrazolium (NBT, Sigma-Aldrich, N6876) according to Munkres. 63 Hydrogen peroxide release measurements
Qualitative determination of hydrogen peroxide release from mycelia was performed by monitoring the oxidation of diaminobenzidine (DAB, Sigma-Aldrich, D-8001) according to Munkres.
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Fluorescence microscopy P. anserina mycelia were grown on glass slides with a central depression filled with CM agar and incubated for 1 d at 27 C and constant light. Hyphae were visualized and documented using a fluorescence microscope (DM LB/11888011, Leica, Wetzlar, Germany) equipped with the appropriate excitation and emission filters. Light sheet-based fluorescence microscopy (LSFM) and quantification of autophagosomes was performed as described previously. 12 Isolation of mitochondria P. anserina strains were grown on cellophane foil covered solid M2 agar for 2 d at 27
C and constant light. After transferring pieces of grown mycelia into CM-liquid medium, 3 d of incubation at 27 C under constant light and shaking followed. Mitochondria of P. anserina cultures were isolated as described previously by differential centrifugation for the measurement of mitochondrial oxygen consumption and by sucrose gradient centrifugation for BN-PAGE, respectively.
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'In-gel' SOD enzyme activity assay Mitochondrial proteins (100 mg) were fractionated on native polyacrylamide gels (10% separating gels). For staining of gels, nitroblue tetrazolium, riboflavin and TEMED were used as described. 64 Blue-native polyacrylamide gel electrophoresis (BN-PAGE) BN-PAGE was performed according to Wittig et al. 61 For preparation of each sample, 100 mg of mitochondrial protein extracts were solubilized using a digitonin (Sigma-Aldrich, D141): protein ratio of 3:1 (w:w). Linear gradient gels (4-13%) overlaid with 3.5% stacking gels were used for separation of the solubilized samples. Respiratory chain components were visualized by Coomassie Blue-staining and assigned as described previously. 65 
Mitochondrial oxygen consumption
Determination of mitochondrial oxygen consumption was performed at 27 C using a high-resolution respirometer (Oxygraph-2k series G, Oroboros Instruments, Innsbruck, Austria). 200 mg freshly prepared mitochondria were injected into 2 ml air saturated oxygen buffer (0.3 M sucrose, 10 mM KH 2 PO 4 , 5 mM MgCl 2 , 1 mM EDTA, 10 mM KCl, 0.1% BSA, pH 7.2). The following substances were added serially: 20 mM pyruvate (Sigma-Aldrich, P2256) and 5 mM malate (Sigma-Aldrich, M1000), to promote complex I-dependent state 4 respiration (state 4 CI); 1.5 mM ADP (Sigma-Aldrich, A5285) was added to determine complex I-dependent state 3 respiration (state 3 CI); 10 mM succinate (Sigma-Aldrich, S2378) was used to stimulate complex I/II-dependent state 3 respiration (state 3 CI/II) and finally 1 mM rotenone (Sigma-Aldrich R8875) was added for inhibition of complex I to detect complex II-dependent state 3 respiration (state 3 CII). Data were analyzed using the Oroboros Software DatLab 6.
Mitochondrial membrane potential measurement
Oxygen consumption measurements were performed with complex I-dependent substrates as described above in the presence of tetramethylrhodamine-methyl-ester-perchlorate (TMRM; Sigma-Aldrich, T5428). Freshly prepared mitochondria were incubated in air-saturated oxygen buffer to which 1.5 mM TMRM was injected.
Isolation of total RNA
Total RNA for qRT-PCR analysis was isolated from mycelia of different P. anserina strains grown for 2 d at 27 C and constant light on M2 agar covered with cellophane foil. Subsequently, mycelia were transferred into CM-liquid medium without or with 60 mm paraquat for 2 further d at 27 C under constant light and shaking conditions. The grown mycelium was harvested and ground in liquid nitrogen and RNA was isolated using the Nucleo Spin Ò RNAClean-Up kit (Macherey-Nagel, 740948.50). Total RNA for transcriptome analysis was isolated using a CsCl density gradient as described previously. 66 Mapping of the transcriptomic reads of wild-type and Pasod3D strains against available genes of P. anserina
Transcriptome analysis was performed for each of the 5-and 17-d-old wild-type and Pasod3D samples, respectively. RNA from 3 individual cultures (biological replicates) of each strain was processed by LGC Genomics Berlin, Germany. Paired end reads of the transcriptomes were generated using Illumia HiSeq2000 sequencing platform (LGC Genomics Berlin). TruSeq TM adapters were trimmed in all reads using Illumina's CASAVA software. High quality trimmed reads from strains were used for mapping against the available 10,639 protein coding genes of P. anserina 67 which were downloaded from P. anserina Genome Project database release version 6.32 (downloaded from http://podospora.igmors.u-psud.fr/) on a local Mascot server (Matrix Science, UK). Mapping was done using Bowtie2 68 with default parameters. SAM 69 output files of Bowtie2 were converted into sorted BAM 69 format. Relative expression of each gene was calculated from BAM files by using the formula 
Gene Ontology enrichment analysis
The assignment of proteins was deduced by Gene Ontology (GO)-term analysis using a P. anserina specified database.
11
For this database a "BLAST" search using UniProt with each P. anserina protein has been applied. The GO-terms of each hit with an e-value of 1e-20 of any other species protein had been adopted for the regarding P. anserina protein. 11 Briefly, a list of differentially expressed genes of Pasod3D versus wild type (Factor > 3; P < 0.05) was imported into the GO annotation library that is provided in a previous study. 11 The assignment of transcripts to the 3 GO categories 'biological process', 'cellular component' and 'molecular function' and the enrichment of transcripts was performed using the programming language R by means of the R package GOstats 70 and a one-sided hyper geometric test (test for overrepresentation). GO terms were assumed to be statistically significantly enriched if the probability P value was 0.01.
Quantitative real-time PCR (qRT-PCR)
Total RNA samples of the following strains and conditions were analyzed: PaSod1-Gfp and PaSod3 H26L -Gfp grown in CMmedium without or with 60 mM paraquat, respectively. The cDNA was synthesized from 480 ng total RNA using the iScript kit (Bio-Rad, 170-8891) and was used for qRT-PCR reaction (iQ SybrGreen SuperMix; Bio-Rad, 170-8880). Three biological and 3 technical replicates were analyzed for each strain and each condition. Oligonucleotides (Biomers, Ulm, Germany) used were: Sod1-1 (5 0 CAT CAC TGG CCA TGA TGC 3 0 ), Sod1-2 (5 0 GCT TGA TGA GGT TGT CGG 3 0 ), Sod3 H26L -1 (5 0 GAG CCT AAG GGA GAC CTC 3 0 ), Sod3 H26L -2 (5 0 CTT GCT CAC CAT GGC GTC 3 0 ) Porin-rt-for (5 0 TCTCCTCCGGCA GCCTTG 3 0 ) and Porin-rt-rev (5 0 GAGGGTGTCGGCAAG TTC 3 0 ). For each gene, the PCR efficiency was determined according to Pfaffl et al. 71 The relative expression level (normalized to the level of the PaPorin transcript) was calculated according to Servos et al. 72 
Statistical analysis
For statistical analyses of life span, growth rate, oxygen consumption and mitochondrial membrane potential measurements, a 2-tailed Mann-Whitney-Wilcoxon U test was used. For the statistical analysis of protein amounts during oxy-or western blot analyses we used the paired Student t test. The respective samples were compared with the appropriate wildtype sample. For all analyses the minimum level of statistical significance was set at P < 0.05 (not significant different means P > 0.05; significant different ( Ã ) means P < 0.05; highly significant different ( ÃÃ ) means P < 0.01; very highly significant different ( ÃÃÃ ) means P < 0.001). 
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